Abstract-This paper presents the design, fabrication, and test results for a novel waveguide multimode directional coupler (MDC). The coupler fabricated from dissimilar frequency band waveguides, is capable of isolating power at the 2nd harmonic frequency from the fundamental power at the output port of traveling-wave tube amplifiers. Test results from proof-ofconcept demonstrations are presented for Ku/Ka-band and Ka/E-band MDCs, which demonstrate sufficient power in the 2 nd harmonic for a space borne beacon source for mm-wave atmospheric propagation studies.
I. INTRODUCTION
Because of increasing congestion in available spectrum at the currently used frequency bands (3-30 GHz) for space-toground data communications, coupled with the demand for higher data rates and wireless broadband services, there is now an interest by NASA, FCC, other U.S. Government Agencies, and the commercial satellite communications industry in developing the potential future use of the large bandwidth available at the mm-wave Q (37-42 GHz) and E (71-76 GHz) bands for this purpose. Prior to the use of these frequency bands for space communications, it is necessary to first rigorously characterize the many atmospheric effects, including rainfall, cloud coverage and gaseous absorption, on mm-wave propagation from space borne beacon sources. Additionally, for high data rate wide band communications, it will also be necessary to characterize the group delay effects [1] .
In general, traveling-wave tube amplifiers (TWTAs) on board satellites for data transmission operate with constant envelope type waveform (for e.g. QPSK) and at saturation for peak efficiency. Consequently, they generate higher order harmonics that are unused and in that regard are considered "wasted," but potentially can be "harvested." There is sufficient power at harmonic frequencies that can be isolated, amplified, and diverted for useful space applications. The following example, which is a novel approach for the utilization of the normally unused RF power in the TWTA 2nd harmonic, supports the credibility and offers a good illustration of the concept. The magnitude of the space TWTA 2nd harmonic by design is less by a factor of 100X (-20 dBc) than the fundamental frequency power. Measured values range from as low as 0 dBm (1 mW) for some TWTAs (for example 125 W RF output power at Ka-band) to as high as 20 to 23 dBm (100 to 200 mW) for the 40 W K-band TWTA [2] . These levels of 2nd harmonic power can be isolated and amplified to the 1.5 to 2.0 W power levels that link budget calculations show is sufficient for CO-NUS mm-wave propagation studies [3] .
In this paper, we present the design, fabrication, and test results for a novel waveguide multimode directional coupler (MDC) for harvesting the 2nd and potentially higher harmonics from a high power space TWTA. If the harmonic power is isolated from the fundamental using the MDC, it can potentially be amplified and used as a space borne beacon source for mm-wave propagation studies. For example, the Q-band and E-band propagation studies could be done using the 2nd harmonic from Ka-band and Q-band downlink TWTAs, respectively. The use of the 2nd harmonic has several technical advantages over conventional single frequency beacon sources. For one, it does not require an ultra-stable temperature compensated oscillator for frequency generation separate from that provided by the spacecraft transceiver. Second, tuning the input fundamental RF frequency to the TWTA allows measurements of group delay or dispersion at the 2nd harmonic frequency. Conventional directional couplers are fabricated from two identical waveguides, which are either broadwall or narrow wall coupled [4] . In these couplers, the power in the dominant TE 10 mode is coupled from the primary waveguide to the secondary waveguide. On the other hand, the MDC demonstrated in this paper consists of two dissimilar parallel waveguides, a larger primary waveguide for the fundamental frequency and a smaller secondary waveguide for the 2nd harmonic. Additionally, the secondary waveguide is rotated by 90° with respect to the primary waveguide and the two waveguides are joined together and share a common wall with apertures. A schematic of the Kuband/Ka-band waveguide MDC is shown in Fig. 1 . In the primary waveguide, the signal at the fundamental frequency propagates as the dominant TE 10 mode. The power in the 2nd harmonic signal propagates as higher order modes [4] . If an aperture is cut in the shape of a narrow rectangular slot parallel to the y-axis along the primary waveguide narrow wall, the coupling to the TE 10 mode will be negligibly small [5] . However, the slot aperture will couple strongly to the TM 11 type higher order modes. Thus the power in the 2nd harmonic signal is selectively coupled from the primary waveguide to the secondary waveguide and can be amplified to a higher power level as needed.
II. WAVEGUIDE MDC DESIGN

A. Basic Concept and Design
B. Ku-Band/Ka-band MDC Design and Fabrication
For the proof-of-concept (POC) demonstration, the primary and the secondary waveguides were chosen as WR-62 and WR-28, respectively, as shown in the schematic in Fig. 1 . The fundamental frequency is at Ku-band (13.25-18 GHz) and the 2nd harmonic is then at Ka-band (26.5-36 GHz). For simplicity, the coupling aperture pattern consisted of four apertures with the size and spacing of the slots designed for a fundamental frequency of 14.1 GHz and a corresponding 2nd harmonic frequency of 28.2 GHz [6] , [7] . The shared common wall of the MDC is a section of the WR-62 waveguide in which, using conventional machining, coupling apertures are cut as shown in Fig. 2 (a) . The corresponding wall section of the WR-28 waveguide is removed. Fig. 2 (b) shows the fabricated POC MDC used in the demonstration. 
C. Ka-Band/E-Band MDC Design and Fabrication
The concept for the Ka-band/E-band MDC is similar to that for the Ku-band/Ka-band MDC and in this case has a primary Ka-band waveguide (WR-28, 26.5-40 GHz) for transmission of the fundamental frequency and a secondary E-band waveguide (WR-12, 60-90 GHz) for transmission of the coupled 2nd harmonic frequency. In this design a section of the WR-28 waveguide is machined to a thickness of 0.127 mm as the common wall. Five coupling apertures are laser machined in the common wall with the size and spacing of the slots designed for a fundamental frequency of 36 GHz and a corresponding 2nd harmonic frequency of 72 GHz. Fig. 3 shows the fully fabricated POC Ka-band/E-band MDC. Fig. 4 shows a schematic of the test circuit used for the measurement of power at the fundamental and the 2nd harmonic frequencies. Fig. 5 shows the MDC mounted at the output port of the Ku-band TWTA. Measurements were made over the fundamental frequency range of 13.5-15.0 GHz with the TWTA operating at a saturated power output of 41-42 dBm (12.6 to 15.9 W). The TWTA fundamental power measurements are shown in Fig. 6 (a) for both a power sweep and 50 MHz spaced spectral lines. Power measurements of the 2nd harmonic over the corresponding 3 GHz frequency range (27-30 GHz) is shown in Fig. 6 (b) , for both power sweeps and individual 100 MHz spaced spectral lines. The test data indicates that there is a significant amount of power in the 2nd harmonic, with peak powers up to 5 dBm. Test circuit for measurement of power at the fundamental (Kuband) and the 2nd harmonic (Ka-band) frequencies.
III. EXPERIMENTAL RESULTS
A. Ku-Band/Ka-band MDC Test Results
It is worth mentioning that the fundamental signal is below the cutoff frequency of the Ka-band secondary waveguide and hence propagates unperturbed in the Ku-band primary waveguide. The spectrogram, shown in Fig. 7 (a) , for the fundamental Ku-band frequency of 14.1 GHz measured at the output port of the Ka-band waveguide confirms that no fundamental power is coupled to the secondary waveguide (Port 1 to Port 4). Additionally, Fig. 7 (b) shows that the measured insertion loss (Port 1 to Port 2) of the MDC Ku-band segment is negligibly small and on the order of 0.15 dB. In contrast, typical insertion loss of commercially available diplexers in WR-28 waveguide is on the order of 1.5 to 1.8 dB [8] , [9] . 
B. Ka-Band/E-band MDC Test Results
The test circuit used for measurements of the fundamental (Ka-band) and the 2nd harmonic (E-band) powers is similar to Fig. 4 . The only exception is the replacement of the spectrum analyzer by Ka-band and E-band power sensors/meters. All of the power measurements were made with the TWTA operated at saturated output power. Power measurement results over the fundamental frequency range of 35-38 GHz and the 2nd harmonic frequency range of 70-76 GHz are shown in Figs. 8 (a) and (b), respectively. IV. CONCLUSION The design, fabrication, and test results are presented for a novel mm-wave MDC, the application of which is harvesting of the 2nd harmonic frequencies from a space TWTA. Traditional harmonic filters and diplexers suffer from high insertion loss and have poor efficiency. The advantage of the MDC is that it very compact and can be connected directly to the RF output port of a TWTA with negligible loss of fundamental power and therefore highly efficient. The test results demonstrate sufficient power in the 2nd harmonic for potential application of the MDC in a TWTA based space borne beacon source for mm-wave atmospheric propagation studies.
